Stem cells and the niche in which they reside feature a complex microenvironment with tightly regulated homeostasis, cell-cell interactions and dynamic regulation of metabolism. A significant number of organoid models has been described over the last decade, yet few methodologies can enable single cell level resolution analysis of the stem cell niche metabolic demands, in real-time and without perturbing integrity. Here, we studied the redox metabolism of Lgr5-GFP intestinal organoids by two emerging microscopy approaches based on luminescence lifetime measurement -fluorescencebased FLIM for NAD(P)H, and phosphorescence-based PLIM for real-time oxygenation. We found that exposure of stem (Lgr5-GFP) and differentiated (no GFP) cells to high and low glucose concentrations resulted in measurable shifts in oxygenation and redox status. NAD(P)H-FLIM and O2-PLIM both indicated that at high 'basal' glucose conditions, Lgr5-GFP cells had lower activity of oxidative phosphorylation when compared with cells lacking Lgr5. However, when exposed to low (0.5 mM) glucose, stem cells utilized oxidative metabolism more dynamically than non-stem cells. The high heterogeneity of complex 3D architecture and energy production pathways of Lgr5-GFP organoids were also confirmed by the extracellular flux (XF) analysis. Our data reveals that combined analysis of NAD(P)H-FLIM and organoid oxygenation by PLIM represents promising approach for studying stem cell niche metabolism in a live readout.
Introduction
Undiscovered knowledge of mechanisms regulating stem cell niche metabolism during quiescence, proliferation and differentiation is a current limitation to the progression of basic cell biology, tissue engineering and regenerative medicine. Various metabolic and mitochondrial function-affecting factors are increasingly being appreciated as core fundamental markers of pathogenesis, immunological defense mechanisms and differentiation. Specifically, in the realm of stem cell differentiation, understanding such energy production mechanisms could establish a tangible link between stem cell proliferative capacity in relation to ageing and related processes [1] [2] [3] [4] . Recently a complex interplay between metabolism of glycolytic Paneth, stem and other differentiating cell types was revealed 5, 6 : lactate produced by Paneth cells is essential for mitochondrial function of stem cells, while mitochondrial pyruvate transport and active mitochondrial respiration regulate the proliferative activity of stem cells residing within the intestinal crypt. At the level of functional intestine, transcription factor-dependent regulation of mitochondrial respiration is also essential for development of this organ 7, 8 . Various biological models are popular in the analysis of stem cell niche metabolism: in vivo and model organisms, cultured cells and mini-organ or 'organoid' cultures [9] [10] [11] . The intestinal organoid 'mini-gut' model combines the advantage of producing the entire diversity of epithelial cells including cell niche micro-environment with relatively quick biomass production and ease of handling. Intestinal organoids recapitulate most functions of the native epithelium and are 'true organoid' models, in contrast to other types of aggregated cell models 12 . Their 'outside-in' organization (exterior facing basal membrane with the internal lumen area) enable modeling many aspects of normal intestinal epithelial function in a culture dish or under flow bioreactor conditions. Collectively, organoids are amenable for studies of stem cell niche function by highthroughput next generation sequencing, metabolomics and high content microscopy screening, and by 'traditional' methods such as quantitative PCR, western blotting or fluorescence microscopy [13] [14] [15] . Until recently, only few works dealt with assessment of mitochondrial function of the stem cell niche in intestinal organoids 5, 6, [16] [17] [18] . The standard approach is to analyze the extracellular flux, i.e. 'XF' 19, 20 which informs an oxygen consumption rate (OCR) coupled with extracellular acidification (ECAR), but since this technology was initially targeted towards high-throughput analysis of 2D homogenous cell populations it cannot assess the complexity and heterogeneity of the multiple cell types present in organoid and 3D cultures. Disruptive methods can be also applied to the analysis of the mitochondrial function of stem cell niche, e.g. combining of FACS of fluorescently labeled stem cells with analysis of cell metabolism 5, 21 .
Emerging microscopy techniques such as light sheet, phosphorescence and fluorescence lifetime imaging microscopy (FLIM) [22] [23] [24] allow for non-invasive, cellspecific and direct analysis of metabolism within the organoid models. In particular, FLIM method provides quantitative, multi-parameter and live readout, especially when coupled with microsecond-range emitting phosphors in O2-PLIM 25, 26 or with endogenous chromophores such as NADH and FAD 27, 28 . Thus, monitoring molecular oxygen, a direct marker of cell hypoxia, can enable visualization of O2 gradients and the heterogeneity of organoid oxygenation in primary murine intestinal organoids 16, 29 . PLIM also enables an estimation of O2 consumption -a primary marker of mitochondrial activity 30 . Although not previously applied to the analysis of stem cellderived organoids, two-photon excited NAD(P)H-FLIM allowed for direct assessment of the balance between cell redox and energy production pathways within the intestinal crypt 31, 32 . FLIM and PLIM, individually and/ or combined, can be used in various multi-parameter assays, such as live and real-time tracing of cell proliferation with oxygenation and measurement of extracellular pH fluxes by the biosensor scaffolds 25, 29, 33, 34 ; these methods are therefore highly attractive for imaging of metabolism in stem cell-based and tissue engineered constructs. The frequently encountered dilemma in selecting appropriate approaches for the study of organoid metabolism has led to variability in reports regarding metabolic regulation in stem cell function 5, 6 . In order to address this situation, we utilized a well-established and popular model of Lgr5-GFP intestinal organoids 35, 36 for comparing real-time methods assessing mitochondrial function, namely: bulk analysis of OCR on a plate reader, PLIM measurement of cellular oxygenation, and two-photon NAD(P)H-FLIM imaging. Our findings demonstrate that O2-PLIM and NAD(P)H-FLIM are highly complementary of each other and that, when combined with live cell tracing of stem cells, are powerful methods for the functional studies of stem cell niche metabolism and its cell-cell heterogeneity.
Results

Method 1: Analysis of oxygenation by phosphorescence lifetime imaging microscopy (PLIM)
Recently, we have optimized and reported phosphorescence quenching microscopy (O2-PLIM) for the profiling of intestinal organoid oxygenation. We demonstrated a small molecule O2 probe, Pt-Glc, to be compatible with one-photon PLIM excitation, capable of selectively staining epithelial cells and demonstrating reliable calibration within various biological models 17, [37] [38] [39] . The principle of this method is outlined in Fig.  1A whereby the phosphorescence of Pt-Glc is specifically quenched by molecular oxygen (O2) and the decay curves collected via various PLIM imaging techniques (e.g. time-domain, frequency modulation or other means [40] [41] [42] ) are used for calculating phosphorescence lifetimes and subsequent calibrations. PLIM enables improved multiplexed tracing of cell types present in the organoid (crypt and villi regions), e.g. by sequential measurement of Lgr5-GFP fluorescence (stem cells) and with other methods, such as labeling proliferating cells by FLIM 17 . Depending on the structure of O2 probe and available instrumentation, PLIM can be performed under conventional laser scanning (one-photon) and two-photon excitation modes 26 . Fig. 2A shows typical example of the phosphorescence decay for O2-sensitive Pt-Glc probe, which can be fit with mono-exponential function. Within this study we adopted a transgenic Lgr5-GFP-expressing organoid cell line, which enables live tracing of stem cell niche from multipotency to terminal differentiation 35 . By using previously established methodology 43 , we marked GFP fluorescence as identifying stem cell niche regions and conversely, regions with low fluorescence as differentiated cells, to perform cell-population specific analysis of O2 by PLIM ( Fig. 2B ). By keeping organoids in ENRVC medium (see Methods section) we maintained them in highly proliferative state, characterized by high number of GFP + cells, while switching to EN medium resulted in differentiation/ maturation and a decrease of GFP + cell number 5, 36 . Our preliminary experiments in ENRVC, ENR and EN media found that gradual decrease and loss of GFP expression in ENR-and ENgrown organoids complicates the comparison of GFP + and no GFP cells (not shown);
we thus focused our study on ENRVC organoids that provided detectable levels of GFP. Organoid cultures were challenged with growth medium containing two different glucose concentrations for 1.5 hours: 0.5 mM (Low Glucose, LG) and 10 mM (High Glucose, HG). Phosphorescent signals from the Matrigel ® and luminal regions were not analyzed as the calibration of Pt-Glc within these areas can differ 17 .
Figure 1. Schematic representation of methods of analysis of the Lgr5-GFP intestinal organoids.
A: O2-PLIM requires a prior staining of samples with O2 probe and specialized PLIM microscope; typically capable of measuring phosphorescence lifetimes in the range of 10-60 µs range of phosphorescence lifetimes. B: Microplate-based extracellular flux (XF) does not need preliminary staining, is well optimized and automated but needs prior seeding of organoids into the assay plates. This method enables only bulk analysis of cell populations. C: NAD(P)H-FLIM relies on the sensitive detection of endogenous NAD(P)H, FAD and other endogenous compounds but needs specialized two-photon FLIM microscope and sophisticated analysis of multi-exponential decay times.
We looked if organoids could rapidly adjust their energy production pathways (glycolysis and oxidative phosphorylation), in response to glucose availability, with oxygenation as a readout parameter. Two independent experiments (see Supplementary  Table 1 for individual and combined data) showed a similar trend despite an intrinsically high organoid heterogeneity 16 . For clarity, Fig. 2 presents the data of one experimental replicate. We analyzed global organoid oxygenation by calculating average values for both GFP + and no GFP regions in individual optical sections. At basal conditions, organoids displayed moderate deoxygenation of 89-92 µM, corresponding to ~ 8-9% O2 (Fig. 2C) , showing no statistical difference between HG and LG groups (p>0.1). Furthermore, we compared the average oxygenation in stem cell niche (calculated from GFP + ) and neighboring (no GFP) regions in both experimental groups. Paired t-test revealed statistical differences between the GFP + and no GFP regions ( Fig.  2D ) in HG (91 µM O2 for GFP + region and 86 µM O2 for no-GFP region, p<0.1) as well as in LG-treated organoid populations (95 µM O2 for GFP + regions and 88 µM O2 for no GFP regions, p<0.05). The comparison of GFP + or no GFP areas between HG and LG treatments showed no statistical difference in oxygenation, in response to decreasing glucose content in the media (p>0.1, Fig. 2E ). However, in LG medium such difference was increased, potentially due to activation of cell respiration with changing metabolic needs in populations of stem and differentiated cells, being ~4.5 µM O2 for HG vs. 6.5 µM O2 for LG ( Fig. 2E ) and this tendency continued in separate experiments (Table S1 ) with decreasing p-values with increasing experimental N-number. Pyruvate metabolism has been identified recently as an important regulator of stem cell function 6 and we thus looked at the effect of short-term pyruvate withdrawal from the culture medium containing the high concentration of glucose ( Fig. 2F-H ). Following the same experimental design and analysis we compared total organoid oxygenation differences between GFP + and no GFP areas in absence of (no PYR) and in the presence of sodium pyruvate (PYR). Again, the bulk analysis of the average global oxygenation of organoids did not reveal significant differences (p>0.1) between no-PYR and PYR treatments producing mean values of 80 µM O2 and 76 µM O2 respectively ( Fig. 2F ). In addition, the paired t-test showed significant differences between GFP + and no-GFP cell oxygenation in both no-PYR (82 µM O2 vs. 77 µM O2, p<0.05) and PYR (80 µM O2 vs. 72 µM O2, p<0.05) (Fig. 2G ). The differences between oxygenation of GFP + vs. no GFP regions showed no statistical decrease in 'no-PYR' sample (5.7 µM O2 vs. 8 µM O2 for no-PYR and PYR groups, p>0.1), potentially indicating an overall decrease of cellular respiration under these conditions ( Fig. 2H ). However, analysis of combined data from two independent experiments showed no changes in p-value (Table S1) in agreement with hypothesis that the effect of pyruvate withdrawal could be less impactful than glucose deficiency. Indeed, a lack of free pyruvate supplementation could be masked by pyruvate production through glycolysis and glutaminolysis 28 . In summary, O2-PLIM assessment enabled a sensitive detection to discern oxygenation differences between stem cell niche and neighbor mature cells. . Bars indicate standard deviations. C, F: Effect of media composition on oxygenation of organoids. No significant differences were observed using t-test (p=0.1). D, G: Effect of media composition on oxygenation in GFP + and no GFP areas. Differences revealed by using paired t-test are indicated (* p<0.1, ** p<0.05). E, H: Effect of media composition on difference in oxygenation between GFP + and no GFP. No significant differences were detected using independent t-test (p=0.1).
Method 2: Oxygen consumption rate measured by the extracellular flux (XF) assay
Extracellular flux (XF) is today a routinely employed method for assessing oxygen consumption rate (OCR) and additional parameters to enable multi-factorial analyses of mitochondrial function and cell energy budget 30 . The highly sensitive measurement of OCR at rest and upon pharmacological treatment with metabolic interrogators in a small measurement volume format is possible through the use of built-in solid-state sensors (Fig. 1B) . However, the assessment of organoids using XF demands a large amount of samples or crypts, being approx. > 200-300 crypts per experimental point 19 . Therefore, to compare it with O2-PLIM which provides analysis of single crypt regions at single cell / organoid resolution, the highly sensitive Agilent ® XF96 platform was selected as a comparative tool. Standard flat-bottom XF96 plates were found to be convenient for organoid culture for 3-7 days although standardizing the quantity of plated organoids per well proved difficult, with the best dilution practice achieving between 4 to 21 organoids per well. However, these numbers can be counted and further normalized per GFP fluorescence / cell number or by other means. Figure 3 shows a typical bioenergetic profile for organoids observed on XF96 for ENRVC organoids exposed to low and high glucose conditions, normalized per organoid number per well. This method confirmed strong variability of oxidative metabolism in organoids 16 and their low sensitivity to inhibition with oligomycin and rotenone. Still we were able to detect a response to mitochondrial uncoupling by FCCP. This data also demonstrated that XF96 platform had potential to detect flux (OCR) from single organoids. As the XF96 platform could provide high throughput and the capability to work with multiple samples, we analyzed the effect of ENRVC and EN media on organoid oxidative metabolism. Interestingly, even with a high variability, we saw overall decrease in OCR upon differentiation conditions (ENR VC vs. EN media). In EN at low glucose conditions organoids also showed slightly increased OCR, potentially due to activation of mitochondria. However, one must keep in mind these data were not normalized to the number of GFP + regions or number of crypts. Further, we found that method performance could be improved by increasing a number of replicates ( Fig. 3C) or by incorporating more sophisticated means of normalizing per crypt / GFP amounts or by FACS of each measured well after the analysis.
Method 3: Two-photon excited fluorescence lifetime imaging (FLIM) of NAD(P)H
Autofluorescence originating from excited NAD(P)H can serve as useful redox marker which can be measured non-invasively using two-photon excited FLIM. This enables discrimination between OxPhos and glycolysis in cells 28, 32, 33 . The principle of this methodology is briefly outlined in Fig. 1C : cells exhibit mixed pools of free (short emission lifetimes, ~ 400 ps) and enzyme-bound (> 1.5 ns emission lifetimes) NADH and NADPH produced and involved in glycolysis, pentose phosphate pathway, Krebs cycle, oxidative phosphorylation, cytochrome p450 activity and other processes. Spectrally and in the fluorescence lifetime domain it is difficult to separate NADH from NADPH and thus they are often designated as combined pools. Frequently, this method is complemented by measuring FAD (Krebs cycle input) or other compounds 44 , but its performance depends on the cell type and sensitivity of the available equipment. Here, we focused on simplified two-photon excited NAD(P)H-FLIM imaging as the most frequently used approach in literature. By using organoids exposed to HG (PYR), LG and no PYR conditions, we performed NAD(P)H-FLIM imaging of GFP + and no GFP regions ( Fig. 4 , Table S2 ). Noteworthy, intestinal organoids also display profound red autofluorescence of the lumen region, partially originating from products of degradation of cytochrome P450, cell debris and other factors and which can seriously interfere with many fluorescent tracers in 'intraluminal' measurements, e.g. glucose uptake tracers 17, 29 . As a quality control measure, we also measured fluorescence lifetime of GFP and considered regions with t (GFP) = 2.4±0.1 ns as indicative for its positive expression. NAD(P)H possesses a multi-exponential fluorescence decay, which is normally fitted using a doubleexponential curve with mean fluorescence lifetime (tm) derived from two different lifetimes and corresponding fractions (τ1-2, α1-2). The typical example of NAD(P)H fluorescence decay, its fitting and residuals are shown on Fig. 4A . The short fluorescence lifetime τ1 and fraction α1 relate to free NAD(P)H, while long fluorescence lifetime τ2 and fraction α2 correspond to protein-bound NAD(P)H. As t1 values can be affected by the instrument response function, it is difficult to use them for statistical analysis and interpretation of results 28 . Thus, we focused on analysis of τ2 and α2 upon different treatment conditions. The results on corresponding tm are shown on Fig. S3B . Within HG-treated organoids we detected a significant increase in protein-bound NAD(P)H lifetime (τ2) ( Fig. 4C ) in no GFP regions however the fraction of bound NAD(P)H (α2) (Fig. 4D ) was not statistically different between the two cell types (GFP + and no GFP) in HG-treated organoids. The average fluorescence lifetime (τm) in differentiated cells exposed to HG showed a significant increase indicating a tendency towards increased oxidative phosphorylation when compared to stem cells (Fig. S3B ). However, in LG-treated organoids there were no significant differences in both τ2 and τm (GFP + vs. no GFP cells), suggesting that stem cells could increase their activity of oxidative phosphorylation, while differentiated no GFP cells retained the same activity of oxidative phosphorylation. When organoids were exposed to 'no PYR' conditions, GFP + cells again showed both significantly reduced fluorescence lifetimes of protein-bound NAD(P)H (t2) and average fluorescence lifetime (τm) when compared to differentiated no GFP cells. (Fig.  S3B) . Additionally, differentiated cells had a significantly lower fraction of bound NAD(P)H (α2) in contrast with stem cells in no PYR media. Hence, the average lifetime calculated is highly dependent on the fluorescence lifetime of protein bound NAD(P)H. These results potentially indicate a decrease of oxidative phosphorylation activity under no PYR conditions, especially within the differentiated cells.
According to Blacker et al 28 , a shift of NAD(P)H fluorescence lifetime decays and corresponding τ2 (equal to tbound) values does not simply show the alteration of OxPhos / Glycolysis ratio, but primarily reflects a readjustment of the protein bound [NADPH]/[NADH] ratio in cells, where protein-bound NADPH possesses a higher fluorescence lifetime than protein-bound NADH. With this assumption, in comparison to no GFP, GFP + regions had statistically lower τ2 (and [NADPH]/[NADH] ratio), which was highly sensitive to glucose and availability of pyruvate (τ2 values were 3.28 ns, 3.39 ns and 3.18 ns in HG, LG and no PYR media correspondingly, Fig. 4C ). The detailed statistical analysis by paired t-test of τ2 values between GFP + and no GFP regions at each treatment showed that differences in their [NADPH]/[NADH] ratio increased under no-PYR conditions and decreased to non-significant levels in LG medium (Fig. 4C ). Thus, changes in τ2 values reflecting [NADPH]/[NADH] ratio for GFP + were evident between LG and no-PYR treatment group (p<0.05, Fig. 4C ). In contrast to GFP + , no GFP regions had mostly unaffected τ2 values by mild metabolic stress (i.e. decrease of glucose, pyruvate withdrawal; τ2 values were 3.42 ns, 3.45 ns and 3.44 ns in HG, LG and no PYR media correspondingly, no significant difference at p >0.05) implying that these differentiated and mature intestinal cells tended to keep their [NADPH]/[NADH] ratio at constant levels (Fig. 4C ). The α2 (equal to αbound) parameter informs on NAD(P)H-bound fraction and correlates with the overall proportion of bound NAD(P)H, showing alterations of the protein-bound NAD(P)H pool which is primarily due to shifts in the presence of the free NAD(P)H pool. Thus, we compared α2 between GFP + and no GFP regions under HG, LG and no PYR treatments. As anticipated, changes in α2 were similar to τ2 (α2 values were 0.42, 0.43, 0.41 and 0.43, 0.41, 0.38, corresponding to GFP + and no GFP regions in HG, LG and no-PYR media), but they were less affected by changes in glucose and pyruvate content, with no significant differences for GFP + regions (Fig. 4D , Table S2 ). However, no GFP regions displayed significant decrease of α2 value (p<0.05) in no PYR conditions (Fig. 4D) , demonstrating that even if [NADPH]/[NADH] ratio was unchanged, the total pool of reduced protein-bound NAD(P)H decreased. Interestingly, our analysis also revealed no statistical difference for α2 between GFP + and no GFP regions (except for no PYR conditions) meaning that generally all cells in organoids had very similar levels of protein-bound NAD(P)H. Thus, NAD(P)H-FLIM analysis showed that in response to changing glucose and pyruvate content, stem cell niche (GFP + ) and differentiated (no GFP) epithelial cells adapted their metabolism by different means.
Discussion
Overall comparison of methodologies
The comparisons described in this study demonstrate the advantages and limitations of each methodology in assessing intestinal organoid metabolism. Extracellular flux (XF) analysis cannot provide single-cell analysis unless the sample is physically detached or dissociated from its substrate, i.e. by enzymatic treatment. On the other hand, XF96 platform was sensitive enough to confirm previously reported heterogeneity of organoid oxygenation 16 . Indeed, extracellular flux analysis requires improvement for the normalization of heterogeneous cell types and cell mass / densities present in organoids. Microscopy-based FLIM and PLIM methods, while rarely reported together, provided direct readouts of cell metabolism both within and outside Lgr5-GFP-labeled stem cell niches. Potentially, NAD(P)H-FLIM and O2-PLIM methods could be multiplexed with each other, and with additional measurement assays, such as labeling of other cell types (genetically or via fluorescent tracers), labeling cell proliferation 29 and measurement of mitochondrial membrane potential 18 . Curiously, the majority of commercially available FLIM-PLIM microscopes have limited microsecond PLIM measurement range 33 , many high-performance O2 probes are not suitable for twophoton excitation 37 , cannot stain organoids or possess other drawbacks 45, 46 . An important feature of the microscopy approaches presented here is that they can be performed with live samples and indeed are compatible with downstream assays, such as tissue clearing with light sheet microscopy, coherent anti-Stokes Raman spectroscopy and others 15, 22 . The aim of our study was not in presenting the most comprehensive or striking measurement example but to show in a simple and easy to reproduce form the examples of FLIM and PLIM uses. Since NAD(P)H-FLIM and O2-PLIM separately provided rather limited information, it is clear that they should be used together, when possible.
Identified methodological limitations of multi-parameter FLIM-PLIM of organoids
A key criteria for success in using FLIM and PLIM lies in a straightforward and clear data processing workflow that can be automated, and largely depends on the fitting of luminescence decays of the intended fluorophores (e.g. NAD(P)H) or phosphors. Without considering potential problems of probe delivery and calibration performance 45 , most tested phosphorescent probes provide mono-exponential decay fits, welldocumented physical interactions with O2, ensuring a high precision of measurements and data interpretation 42, 47 . In contrast, most fluorescent dyes, probes and fluorescent protein biosensors display double or multi-exponential decay fits, which are meaningful but require complex interpretation or the use of phasor approach plotting 27, 32, 48 . Thus, detailed interpretation of NAD(P)H imaging is not straightforward, often demanding additional pharmacological tests, segmentation based on signal localization and potentially use of additional tracers 27, 28, 32, 44 . The progress in automation and improved ability to produce 3D reconstruction of PLIM and NAD(P)H-FLIM images is very important for studies of intestinal organoids and related 3D stem cell-based organoids. The ability to produce fully functional 3D FLIM / PLIM data reconstructions with an option to optically section/ segment in any certain direction (not only in XY but also Z) and subsequently analyze the pixels present in this cross-section is highly important for future studies. Indeed, organoids are multicellular structures of various sizes and shapes and selection of appropriate crosssection for analysis is essential. For example, we observed more striking differences in oxygenation with more 'typical' cross sections (Fig. 5A ) than with ones having mosaiclike distribution of GFP + cells (Fig. 5B ). The comparison of GFP + and no GFP regions in individual organoids revealed two main types of optical sections: the group including highly significant (independent t-test, p<0.05) and nearly significant (independent ttest, p<0.1) statistical differences in oxygenation between GFP + and no GFP and the group with no statistical differences (p>0.1). This difference was clearly observed on phosphorescence lifetime images and respective O2 distribution histograms (Fig. 2B,  Fig. S1 ) and confirmed by Pearson correlation analysis of ROI oxygenation with GFP intensity values (Fig. 5) . Even though the number of sections with statistical differences was lower (~ 41%) than the number of sections without statistically confirmed difference, the calculated oxygenation difference between GFP + and no GFP areas in most organoids was positive or slightly negative. These data also indicate GFP + regions generally have higher cell oxygenation than no GFP regions in intestinal organoids. Another factor that can confound the analysis of intestinal organoid oxygenation is nonideal behavior of Lgr5-GFP as a label: GFP signals do not disappear immediately after cells cease proliferation and begin differentiation. Thus, the functionally heterogeneous population of GFP + cells represents true stem cells and the actively proliferating daughter cells being at different stages of cell cycle and differentiation stage. We also noticed that some organoids could spontaneously lose GFP labeling under ENRVC growth conditions (data not shown). The heterogeneity of daughter cells cell-cycle within the stem cell niche is another factor potentially affecting measurements of O2: it is known that mitochondrial membrane polarization changes during the cell cycle and reaches a maximum during early S phase 49 suggesting that stem cell niche-residing cells can have enhanced utilization of OxPhos cyclically. Such mitochondrial heterogeneity within GFP + cells in intestinal organoids was recently reported 18 . Understanding the functional heterogeneity of differentiated epithelial cells within organoids is also important for an accurate interpretation of results. Due to limited availability of live imaging cell-specific tracers, we did not label subpopulations of mature enterocytes, goblet, enteroendocrine, Paneth and other cell types. Thus, in presented form, the O2-PLIM method is expected to provide strong heterogeneity in 'no GFP' regions. A potential solution to address this is combining O2-PLIM, with NAD(P)H-FLIM, labeling of membrane polarization and proliferating cells in a 3D multi-parameter readout.
The assumption that the main consumer of oxygen within tissue is the activity of electron transport chain cannot be always accepted. Within the intestine, other 'respiration' processes can cause apparent oxygenation heterogeneity, for example the enterocyte-specific expression of cytochromes P450 (CYP450) 50 . On the other hand, the heterogeneity of reactive oxygen species production and inactivation between the different cell types in the intestine is rarely considered 5, 51 . The application of microbiota into the lumen was not investigated in this study but seemingly intestinal epithelium by itself can sustain strong physiological (de)oxygenation, in agreement with recent in vivo data 52 .
Dynamics of organoid metabolism revealed by FLIM and O2-PLIM
PLIM enables direct measurement of O2 -a marker of the activity of electron transport chain and by other processes (non-mitochondrial respiration). NAD(P)H-FLIM detects alteration in NAD(P)H levels, which can significantly vary within the intestinal epithelium. Although this method does not give direct information on electron transport chain activity, data on NAD(P)H upon different metabolic treatments are highly useful for analysis of combined pools of NADH and NADPH. Indeed, employing both of these methods enables deeper understanding of organoid metabolism. The summary of the methodologies is present in Figure 6 . Thus, by using combination of these methods, we found that O2 heterogeneity in the intestinal organoids has functional meaning, caused by the differences in steady-state O2 between the stem cell niche (Lgr5-GFP + crypt regions) and mature cells (no GFPexpressing villi cells). Strikingly, oxidative metabolism levels in organoids was active, in that we saw relatively high resting deoxygenation corresponding to 7-9% O2. We demonstrated that on average GFP + regions had higher oxygenation levels (reflecting their higher reliance on glycolysis) than more actively respiring no GFP regions. However due to current limitations of available instrumentation, the O2-PLIM method was not sensitive enough to detect changes in oxygenation under varying media conditions (see 'Methodological limitations' above). Regardless the variability of oxygenation, O2-PLIM displayed trending increase of O2 difference between GFP + and no GFP regions in low glucose conditions. This phenomenon can be explained by an increasing mitochondrial respiration in both organoid regions (GFP + and no GFP) and additional respiration processes such as activity of cytochrome P450 in the enterocytes. The decrease of this oxygenation difference in no pyruvate media (Fig. 2) can be explained by a diminishing electron transport chain activity in mature no GFP areas, highly dependent on pyruvate-fueled production of NADH, in agreement with our NAD(P)H-FLIM results (Fig. 4) . We found that GFP + regions demonstrated 'flexible' balance of energy production pathways to support production of NADH by Krebs cycle on appropriate levels and to keep the functional electron transport chain and OxPhos ( Fig. 6 ). Potentially, future comparison between LG and no PYR groups can help detecting significant changes in their oxygenation differences. NAD(P)H-FLIM of GFP + and no GFP regions confirmed their principally different response to decrease of glucose and pyruvate. Our results indicate that for no GFP mature regions it is of higher priority to sustain [NADPH]/[NADH] ratio even if it would decrease the total NAD(P)H pool, while stem GFP + cells require a constant pool of protein-bound NAD(P)H. This can be explained by different requirements in NADPH within the proliferating stem cell niche and differentiated cells (consisting of mostly enterocytes and rare population of enteroendocrine and goblet cells) due to excess glucose present in the organoid microenvironment, an inefficient but quicker metabolic production of ATP might be optimal for high energetic demands 53 . Since the fraction of bound NAD(P)H pool in 'no GFP' areas was sensitive to pyruvate decrease, the key metabolite for acetyl-CoA synthesis and fuel of Krebs cycle, the Krebs cycle and OxPhos (main sources of ATP, NADH and intermediate metabolites) must be very active in differentiated cells (Fig. 6 ). In addition, it has been shown that differentiation of intestinal stem cell results in an increase of the mitochondrial pyruvate carrier gene expression; this renders differentiated cells more dependent on the presence of endogenous and exogenous pyruvate pools, while stem cells are rather unaffected 6 . The presence of high glucose during the pyruvate depletion experiment did not compensate the effect on the NAD(P)H bound fraction, suggesting that glycolysis has generally low rate in no GFP cells. This explains the observed decrease of differences in oxygenation between GFP + and no GFP regions in no-PYR media (glycolysis is not efficient to fuel OxPhos) in comparison to PYR (HG) media (Fig.  2H ). While glutaminolysis can be used to sustain Krebs cycle [54] [55] [56] , the observed ability to keep high [NADPH]/[NADH] ratio in 'no GFP' cells could be due to the high activity of pentose phosphate pathway, mitochondrial nicotinamide nucleotide transhydrogenase and malic enzymes as main producers of NADPH in cells 28, 57, 58 . Indeed the glucose-dependent NADPH production is important for activity of enterocyte glutathione reductase, the principal supplier of GSSH in the intestine 59 . Activities of intestinal enterocyte-specific enzymes such as cytochrome P450 oxidase, reductase and NADPH oxidase 4 (NOX4) also demand for high levels of NADPH 31, 60, 61 . GFP + stem cell niche regions displayed [NADPH]/[NADH] ratio sensitive to presence of glucose and pyruvate, but their protein-bound NAD(P)H fraction tended to remain constant (Fig. 4C, D) . This confirms their high glycolytic metabolism, which can be easily switched to OxPhos when necessary. We believe that such adaptability facilitates stem cells to sustain levels of NAD(P)H and intermediate metabolites to maintain ATP production at levels supporting cell proliferation. The observed increase of bound [NADPH]/[NADH] ratio in low glucose media can be functionally important as NADPH is directly involved in protection from reactive oxygen species produced due to electron leaks within the electron transport chain. Our findings are also in agreement with observations of Stringari and co-workers 32 even though this study dealt with ex vivo intestinal tissue exposed to conditions favoring cell starvation, potential hypoxia in crypt regions and did not take into account the NADPH.
In conclusion, this present and previous studies emphasize the importance of viewing cell fate regulation in organoids and regenerating tissues from the point of growth media composition and nutrient availability. Emerging live imaging microscopy of cell metabolism is of high relevance to this emerging field of interest. The applied O2-PLIM and NAD(P)H-FLIM methods enable visualization of metabolic discrepancies in stem cell niche and differentiated cells corresponding to crypt and villi compartments of the small intestinal epithelium. Future application of these methods together in multiparametric imaging with appropriate cell type markers will allow the study of organoid stem cell metabolism with single cell and subcellular resolution. and sodium valproate (P4543) and all the other reagents were from Sigma-Aldrich (Dublin, Ireland). Phosphorescent O2-sensitive Pt-Glc probe was synthesized as described previously 17 . Seahorse XF96 plates were from Agilent ® technologies (Little Island, Cork, Ireland).
Methods
Materials
Lgr5-GFP organoid culture and staining with O2 probe
Lgr5-GFP (Lgr5-EGFP-ires-CreERT2) mouse intestinal organoid culture 35 were kindly provided by Prof. H. Clevers Lab (Hubrecht Institute, The Netherlands). Organoids were handled as described previously 18 and typically were grown in ENRVC media, consisting of Dulbecco modified Eagle's medium nutrient mixture F-12 [HAM] supplemented with 1% penicillin-streptomycin, 1% GlutaMax, 1% N2 supplement, 2% B-27 supplement, 1.25 mM NAC, 50 ng/ml EGF, 1 µg/ml R-spondin-1, 100 ng/ml Noggin, 1 mM sodium valproate and 3 µM CHIR99021. Intact organoids were seeded onto 20 µl of Matrigel in 35 mm tissue culture treated dishes (Sarstedt, Dublin, Ireland) in ENRVC medium, 1-2 days prior to imaging. Staining with O2-probe was achieved by incubating organoids with 2 µM Pt-Glc diluted either in a Phenol red-free DMEM supplemented with 10 mM HEPES pH 7.2, 2 mM glutamine, 10 mM D-glucose, 1 mM sodium pyruvate (HG), the same medium with 0.5 mM D-glucose (LG) or with no pyruvate (no-PYR) for 1 h, followed by washing in respective media. Imaging was performed during 30 min after staining. Two experimental replicates for each media combinations (e.g. HG vs. LG, HG vs. no-PYR) were performed on separate cultures originated from different frozen organoid aliquots.
Analysis of oxygen consumption rates of organoids on a microplate
This was performed accordingly to published protocol 19 , with minor modifications. 9-10 organoids in 3 µl of Matrigel ® per well were seeded onto XF96 plate (Seahorse) and subsequently grown in ENRVC or EN (lacking R-spondin 1, sodium valproate and CHIR99021) media for 2 days prior to the analysis. The number of organoids per well was calculated manually and used for normalization.
O2-PLIM and data analysis
An upright Zeiss Axio Examiner Z1 microscope equipped with water dipping 63x/1.0 W-Plan Apochromat dipping objective, DCS-120 confocal scanner (Becker & Hickl GmbH), heated incubator and stage (t=37 o C), motorized Z-axis control and 405 nm and 408 nm BDL-SMNI pulsed diode lasers (Becker & Hickl GmbH) was used for O2-PLIM. Emission was collected using 635-675 nm (405 nm excitation, O2 probe) and 512-536 nm (488 nm excitation, Lgr5-GFP) bandpass filters, essentially as described previously using 256x256 XY scanning resolution 16, 17 . Each imaged optical section corresponding to individual GFP + region was considered as an experimental unit in the statistical analysis. Combined analysis (segmentation, fitting of phosphorescence decays) of Lgr5-GFP fluorescence and O2-PLIM images was achieved using SPCImage software (Becker & Hickl GmbH, Germany). Mono-exponential fit (with χ 2 <1.5) was used on a pixel-by-pixel base to calculate phosphorescence lifetimes and produce colorcoded oxygen distribution images. Lgr5-GFP intensity (photons), Pt-Glc intensity (photons) and phosphorescence lifetime (color-coded values) data were exported and processed in Microsoft Excel, as described previously 43 . For analysis, we used ROIs with size of 5x5 Excel table (~4x4 µm size). Since the GFP intensity was highly variable, we limited our analysis to the regions, where GFP intensity was comparable or higher than the luminal autofluorescence. 'No GFP' ROIs were considered when their intensity was at least 3 times lower than for neighbor GFP + cells. Selected 9-12 ROIs with calculated O2 for each experimental group (GFP + , no GFP) were analyzed with the Kolmogorov-Smirnov (K-S) test for normality and used for calculation of average values and differences in oxygenation between (GFP + and no GFP). A Pearson correlation analysis (between GFP intensity and oxygenation) and statistical analysis of oxygenation with independent t-test (at p = 0.1 or p = 0.05) was applied to each optical section. The comparison between GFP + and no GFP oxygenation in separate groups was also done with paired t-test in Origin 6.0 software.
Two-photon excited NAD(P)H-FLIM
This was performed using a custom upright (Olympus BX61WI) laser multiphoton microscopy system equipped with Titanium:sapphire laser (Chameleon Ultra, Coherent ® , USA) and water-immersion 25x objective (Olympus, 1.05NA) and temperature controlled stage. Two-photon excitation of NAD(P)H and GFP fluorescence was performed at excitation wavelengths of 760 nm and 920 nm, respectively. A 455/90 nm bandpass filter was used to isolate the NAD(P)H fluorescence emission and a 502/47 nm bandpass filter for GFP fluorescence emission. 512 x 512 pixel images were acquired with a pixel dwell time of 3.81 µs and 30-second collection time. A PicoHarp 300 TCSPC system operating in the time-tagged mode coupled with a photomultiplier detector assembly (PMA) hybrid detector (PicoQuanT GmbH, Germany) was used for fluorescence decay measurements yielding 256 time bins per pixel. For each intestinal crypt, a GFP FLIM image was acquired followed by the acquisition of a NAD(P)H FLIM image. After GFP FLIM imaging, the fluorescence decay was measured allowing identifying GFP + and no GFP areas confirmed by the measurement of GFP fluorescence lifetime. The same regions were overlapped in the NAD(P)H FLIM images to perform a fluorescence decay analysis. Intestinal organoids were pre-incubated (2-3 h) in respective HG, LG or no-PYR media and least 11 crypts from each treatment group were analyzed. Fluorescence lifetime images with their associated decay curves for NAD(P)H and GFP were obtained. The overall decay curve was generated by the contribution of all pixels and was fitted with a mono-or a double exponential decay curve, for GFP and NAD(P)H, respectively (Eq. 1) ( ) = ' ) * + , + . ) * + / + (1) I(t) corresponds to the fluorescence intensity measured at time t after laser excitation; α1 and α2 represents the fraction of the overall signal proportion of a short and long component lifetime components, respectively. For a mono-exponential decay, α2 is zero, making a1 a fraction corresponding to 100% of the overall fluorescence signal. τ1 and τ2 are the short and long lifetime components, respectively; C corresponds to background light. c 2 represents the goodness of multi-exponential fit to the raw fluorescence decay data. In this study all the values with χ 2 < 1.3 were considered as 'good' fits. For NAD(P)H, a two-component fitting was also used to differentiate between the free (τ1) and protein-bound (τ2) NAD(P)H: the average lifetime (τave) of NAD(P)H for each pixel was calculated by a weighted average of both free and bound lifetime contributions (Eq. 2). 234 = (6 , ×8 , )9(6 / ×8 / ) (6 , 96 / )
(2)
Statistical Analysis
The data produced by different methodologies were assessed and evaluated for statistical significance as described in respective sections. Briefly, results were tested for normality of distribution, using K-S test, with subsequent analysis by independent or paired (where appropriate) t-test. NAD(P)H-FLIM and O2-PLIM data were analyzed separately, by different individuals. Details of used tests are provided in Supplementary tables 1 and 2 and in respective figure legends.
Figure S2. Examples of optical sections with statistically significant oxygenation differences between GFP + and no GFP regions for
LG and no-PYR media. Intensity, combined PLIM and GFP fluorescence images and fluorescence lifetime distribution histograms (right) are shown. Significant difference was observed with independent t-test of GFP + and no GFP regions from individual images of intestinal organoids (at p<0.01).
Oxygenation mean values ± standard deviation of GFP + / no GFP areas were: 96±11 µM / 75 ±11 µM (N=9) for LG and 68±5 µM / 56±5 µM (N=9) for no PYR-treated organoids. Scale bar is 50 µm. 
